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ABSTRACT 
Development of 3 Dimensional subject specific dynamic models for the ankle and its 
assessment against in vitro cadaveric experimental data using distance mapping and 
kinematic evaluation 
Deepak Padmanabhan 
 
 
 
Currently osteoarthritis is the leading joint disease which in turn leads to major socio-
economic losses in terms of physical pain and inability to work leading to losses of over 
$60 Billion to the US economy alone (Buckwalter et al, 2004). Current treatment 
methods include Total Ankle Replacement (TAR) or arthrodesis. Since arthrodesis leads 
to major loss in mobility, TAR comes across as a better alternative. Recent research by 
Siegler et al (2016) proposes patient specific models, which would help, recreate 
kinematics closest to regular.   
Previous experimental studies conducted to understand and validate the effect of 
morphological variations to kinematics involved invasive surgical procedures and hence 
could only be conducted in cadaveric foot. Hence a need for a dynamic model which 
could predict and recreate the kinematics of an ankle using only CT and, or MRI data was 
realized. Such a model could help in development and non-invasive testing of subject 
specific TAR. 
This study involves the development of five 3D patient specific dynamic models in MSC 
ADAMS™ to simulate the motion of the talus and the calcaneus on application of 
different moments. The simulation has been conducted on 3D models which have been 
developed using CT and MRI data of five cadaveric legs, which have already undergone 
studies for the subchondral bones using distance mapping, which is a tool in Geomagic 
  xiv        
Control™. The ADAMS™ model has been used to simulate moments like the 
experiment and to acquire kinematic data and study surface-to-surface interaction 
between the bones using distance mapping techniques. 
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1. INTRODUCTION 
1.1 BACKGROUND  
The ankle joint complex is found to be very susceptible to fracture and permanent 
damage which leads to intense discomfort in human beings. The presence of such 
medical conditions has led to modern developments in Total ankle replacement surgeries 
which in-turn requires a detailed knowledge and understanding of the motion of the ankle 
joint. The conventional methods adopted for such analysis require invasive testing on 
cadaveric specimens that show real life behavior of bones and cartilages in an AJC. 
Although, a sufficient level of accuracy has been attained, it cannot far-go the need for 
development of sophisticated machinery for testing, sourcing cadavers and is overall 
limited to in-vitro testing. 
The major aim of the thesis is to overcome this difficulty in mechanical testing of 
cadavers by the development of alternate “3 Dimensional subject specific dynamic 
models for the ankle”, which could simulate the behavior of the AJC. The development 
of a numerical rigid body model helps us simulate the joint complex for complicated 
loading conditions and variable constraints, which might not be possible in other 
conventional ways, such as the simulation of an AJC with a ruptured ligament along with 
extraction of parameters such contact properties, reaction forces on ligaments etc. 
Apart from this, the model also saves the time required for testing, as it takes roughly half 
an hour for simulating and even provides with infinite post processing opportunities. The 
thesis mainly involves the development of the model and its assessment against in-vitro 
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cadaveric experimental data using distance mapping and kinematic evaluation so as to 
validate the reliability of the model. 
1.2 THE PURPOSE OF THE STUDY:  
This study concentrates on the following: 
1) Development of 5 subject specific models using CT and MRI data available. To use 
the segmented image data for creating 3D models of each bone and processing them to 
accommodate for cartilage between the interacting surfaces. The ligaments and their 
respective attachment points are to be identified in the bones. 
2) To create a dynamic 3D model in MSC ADAMS™ (Automated Dynamic Analysis 
of Mechanical Systems), which is loaded with varying forces and moments. To simulate 
the motion of talus and calcaneus when forces or moments are applied and obtain 
kinematic data as well as information of surface to surface interaction from it. 
3) To subject the models to loading conditions identical to an experimental study. The 
experimental study was conducted on 5 human cadaveric ankles; they were subjected to 
cyclic moments ranging between ±3400 N-mm in three independent axes resulting in 
motion along Dorsiflexion-Plantar flexion, Inversion-Eversion and Internal-External 
rotation.  
4) The data collected from the experiment has been used to obtain and study surface to 
surface motion characteristics between the Talotibial (Ankle joint) and Talocalcaneal 
(Subtalar joint). This can be used as the base for investigating the reliability of a dynamic 
model of the ankle made in MSC ADAMS™, which would primarily include comparison 
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of kinematics of the bones and the distance maps at maximum positions. These distance 
maps help understand the motion characteristics between the Ankle joint and the subtalar 
joint. This would further help compare the motion generated by the ADAMS simulation 
to that of the actual bones using the distance maps generated using the bones at maximum 
position from the experiment. 
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2. LITERATURE AND TERMINOLOGY 
2.1 STRUCTURE AND MORPHOLOGY OF THE ANKLE JOINT COMPLEX 
The Ankle joint is a combination of two joints, the talocrural and subtalar joints which 
together form the complex combination of the ankle known as the Ankle Joint Complex 
(AJC). AJC is the joint that has been considered for the research. The two sub joints are 
the talocrural joint and the subtalar joint. The talocrural joint, commonly known as the 
ankle joint, is a synovial joint located in the lower limb and is formed by the bones of the 
leg and the foot – the tibia, fibula and talus. The mortise joint of the ankle which is also 
called the talocrural joint is a result of the trochlear surface of the talus formed by the 
talar dome which articulates within the tibial plateau and forms the ankle mortise. On the 
other hand, the subtalar (also called talocalcaneal joint) is formed due to the articulation 
between the superior side of the calcaneus and the inferior side of the talus. This 
complex structure of bones is properly held together with the help of spring like elastic 
tissues called ligaments. The ligaments help in maintaining an equilibrium configuration 
of the three bones for various orientations of the complex. This variability in orientations 
helps a human being to be equipped with the mobility and freedom required for 
performing important day to day activities. The different kinds of movements include 
Dorsi-Plantar, Inversion-Eversion, Internal-External moments. The freedom of rotation 
and position the bones with respect to each other, is because of the presence of an 
extremely elastic and flexible membranous tissue known as the Cartilage. This cartilage 
also provides a frictionless contact between the bone structures in relative motion. All 
these biological components together form the Ankle Joint Complex, which is found to 
be of varying sizes and properties in different individuals, and a damage to this complex 
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leads to intense complications. Hence, the study of the dynamic properties of this 
complex is of prime importance. 
 
 
 
 
Figure 1: Ankle Joint Complex (AJC) consisting of the ankle joint with Tibia and Talus, 
and the subtalar joint with Talus and Calcaneus.  
1. Tibia 2. Fibula 3. Talus 4. Calcaneus 5. anterior tibiotalar ligament (ATTL) 6. anterior 
talofibular ligament (ATFL) 7. calcaneofibular ligament (CFL) 8. tibiocalcaneal ligament 
(TCL) , tibiospring ligament (TSL) 9.posterior tibiotalar ligament (PTTL) 10. Posterior 
talofibular ligament (PTFL) 
 Ref (AnatomyZone,2016 http://anatomyzone.com/tutorials/musculoskeletal/ankle-joint/ 
 
 
 
2.2 LIGAMENTS 
The ligaments are basically fibrous tissues connect one bone surface to another bone 
surface. They are found in all bone-bone connections in the human body. The most 
common reason for acute ankle pain is injury in the ligaments. The study of the 
ligaments is crucial to better comprehend the AJC and the kinematics.  Ligaments 
account for both stability and flexibility in the AJC. The anterior tibio-talar ligament 
(ATTL) (5) and the anterior talofibular ligament (ATFL) (6) limit the plantarflexion, 
inversion, external (ATTL) and internal (ATFL) rotation. During inversion the ATFL 
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undergoes most injuries. The calcaneoﬁbular ligament (CFL)(7) along with the posterior 
taloﬁbular ligament (PTFL)(10) prevent dorsiﬂexion and external rotation while the CFL 
also prevents inversion. The posterior tibiotalar ligament (PTTL) (9), the tibiocalcaneal 
ligament (TCL) (8) and the tibiospring ligament (TSL) belong to the medial ligaments. 
The PTTL prevents dorsi-ﬂexion, inversion and internal rotation, the TCL dorsiﬂexion, 
eversion and external rotation and the TSL prevents plantarﬂexion, eversion and internal 
and external rotation (AnatomyZoneLtd, 2016; Golanó et al., 2010).The membrane 
joining the tibia to the fibula is called the syndesmosis. It offers most of the ankle 
stability while inversion/ eversion and internal/external rotation (Ogilvie-Harris et al., 
1994). 
 
2.3 TENDONS 
The tough fibrous bands of connective tissue that connects bone to muscle are referred to 
as tendons. Along with the ligaments, they provide stability in the AJC and account for 
shifting the motion to the foot. The Achilles tendon which is the largest and the strongest 
tendon of the foot, joins the triceps surae (calf muscle) to the heel. It aids in walking, 
running, jumping and elevating the body onto the toes. The tibial tendon of the posterior 
side is located on the medial side of the foot and ankle and braces the Achilles tendon. 
The peroneal tendons along the lateral side of the ankle carry out movements such as 
inversion and eversion. The toes are pulled up by the extensor tendons (Kelikian and 
Sarraﬁan, 2011). 
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2.4 CARTILAGE  
The cartilage is a visco-poro elastic material, extremely flexible in order to provide a free 
motion between the bone complexes. The cartilage material can be viewed as a tissue 
with ample quantity of water. The water in the tissue provides the flexion required by 
transferring water to unstressed regions under loading. 
 
 
 
 
Figure 2: A detailed section of the ankle cartilage section. 
 
 
 
The material has a Poisson’s ratio of about 0.45 and a Modulus of Elasticity of 12 
Mpa(Jin et al, Barker et al). 
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2.5 KINEMATICS OF ANKLE JOINT COMPLEX 
 
The human ankle joint complex plays a fundamental role in influencing the 
biomechanical performance of the joint and its locomotion. The motion of ankle joint 
which is a six degree-of-freedom joint is associated with three planes, namely the 
sagittal, coronal, and transverse planes. The range of motion in the subtalar and the ankle 
joint result in a combination of movements during which neither of them behave as ideal 
hinge joints. 
The kinematics of the AJC is measured using the standardized Joint Coordinate System 
(JCS) proposed by Grood and Suntay (insert ref). We will be using α, β and γ (Figure 3) 
as the primary criteria of kinematic evaluation. 
 
 
 
 
Figure 3: Joint Coordinate System as proposed by Grood and Suntay (Siegler et al., 
2002) 
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During dorsiflexion/plantarflexion, the largest range of rotation (α ≈ 65◦) is seen in the 
sagittal plane. Upon investigation of dorsi- / plantarflexion, it can be seen that 80% of 
the total motion is achieved by the ankle joint while the subtalar joint contributes to the 
rest. With a range of β ∼ 32◦, inversion and eversion in the coronal plane is majorly 
dispersed to the subtalar joint. Whereas, the transverse plane has an internal and external 
rotation, within a range of, γ ∼ 43◦. This is equally contributed by the motion of both 
joints. (Table 2.1) (Siegler et al., 1988). 
 
Hence, the joint can translate and rotate freely along these three planes, and does not 
depend on a fixed axis of rotation. The range of motion of the AJC in any direction is a 
combination of the ankle joint and of the subtalar joint. The kinematics is affected due to 
a wide range of complications that arise due to several issues like health and nutrition 
issues, or accidental tearing or fracture of important components such as ligaments in the 
complex. The process of rectification and treatment hence is of crucial importance, some 
of which are described in detail in the following sections. 
 
 
 
  Tibia - Calcaneus   Tibia - Talus Talus - Calcaneus  
  alpha beta 
gamm
a  
alph
a  beta 
gamm
a alpha beta 
gam
ma  
           
Dorsi-  24.68 -0.50 0.41  
19.6
6  0.23 -0.57 5.37 0.09 1.57  
flexion 
 
±3.25 ±4.98 ±5.80 
 ±4.0
1 
 
±4.15 ±4.89 ±3.25 ±4.17 ±4.96 
 
    
Plantar-  -40.92 -0.43 2.42  
-
32.7
3  -1.59 1.49 -8.97 2.59 1.51  
flexion  ±4.32 ±4.73 ±3.53  ±3.7  ±3.66 ±2.36 ±4.07 ±2.24 ±2.41  
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Inversion  -22.41 16.29 21.94  
-
14.7
3  4.57 8.23 -6.18 15.04 11.03  
  ±9.08 ±3.88 ±8.67  
±5.3
7  ±4.89 ±3.53 ±16.09 ±5.70 ±6.73  
Eversion  -11.85 -15.87 -10.96  
-
11.1
6  -6.32 -3.95 2.56 -8.50 -6.23  
  ±10.34 ±4.45 ±6.89  
±7.3
4  ±4.45 ±3.11 ±2.92 ±3.44 ±3.96  
lnternal-  -14.36 5.92 20.83  
-
6.69  -0.10 14.28 -2.46 10.68 15.65  
rotation  ±6.92 ±2.76 ±7.56  
±3.4
6  ±2.89 ±3.70 ±3.42 ±5.88 ±6.61  
External-  -9.83 -6.28 -22.03  
-
7.28  -1.82 -12.24 4.53 -3.95 -10.20  
rotation  ±9.42 ±2.74 ±5.99  
±6.3
1  ±2.85 ±3.73 ±16.49 ±4.56 ±5.37  
             
Table 1: Kinematics of the AJC. The columns represent the range of motion between the 
specified bones. (Siegler et al., 1988) 
 
 
 
2.6 ANKLE ARTHRODESIS 
Ankle arthrodesis is the process of fusing ankle joint. It is one of the oldest treatments 
for diseases pertaining to the ankle. Major contributors to methods in fruitful ankle 
arthrodesis arose in the last century. Charnley (1951) established an external ﬁxation 
method whereas Pfahler et al. (1996) attained an improved functionality by means of 
internal ﬁxation method using compression screws. Both methods have their pros and 
cons. An internal ﬁxation generates more stability during dorsi/plantaﬂexion, while the 
external ﬁxation method is additionally stable during internal/external rotation. 
Nowadays, successful ankle arthrodesis method use modiﬁed blade plates and 
tibiocalcaneal intramedullary nails.  The modiﬁed blade plates and tibiocalcaneal 
intramedullary nails boast a small healing time (Figure 4).  
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Figure 4: Applied ankle arthrodesis (J.W. Brodsky et al 2016)  
 
 
 
Regardless of growing success rates and optimistic outcomes for ankle arthrodesis, some 
complications still exist. It leads to major kinematic loss in the coronal as well as the 
sagittal plane. This leads to a change of gait which could be source of difficulties on 
other joints like hip or knee (Daniels et al., 2002). As a result of these aspects, ankle 
arthrodesis is a preferable choice for older patients (Terrell et al., 2013). Regardless, a 
fused ankle joint has an extended healing time and an growing likelihood of forming 
pseudarthrosis. (Ahlberg and Henricson, 1981). 
 
2.7 TOTAL ANKLE REPLACEMENT-AN ALTERNATIVE SOLUTION 
The primary objective of total ankle replacement is to nurse diseases effectively, 
eradicate pain and preserve movement of the AJC. Complications associated to the small 
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size of the joint, high resultant moment and compressive forces, instability, possible 
malalignment, and the disregard for anatomic component shape, has contributed to a 
slow progress of ankle replacements (Hinter-mann, 2005). 
When implanting an artiﬁcial joint, very good primary stability after surgery is vital to 
pace up the healing process and to offer as much long term stability as possible. To 
replicate all natural requirements of the ankle, the design of total ankle prosthesis should 
be done as anatomically as possible. Classification of Total ankle replacements (TAR) 
can be done by the method of ﬁxation and the number of parts generating the joint 
replacement. Cemented and non-cemented procedures exist which help in fixing the 
implant in the bone procedures which are applied in the hip and in the knee. 
Initial designs of TARs constituted two component implants with a cemented ﬁxation 
which leads to a lot of wear and tear in the body. In TARs second generation, an 
introduction of a third component of polyethylene was made. 
The major kinds of Total Ankle Replacements with different geometric designs are:  
1. Cylindrical design  
2. Inman design  
3. SSCL design 
2.7.1 CYLINDRICAL DESIGN 
The most prevalent artificial joint in the market is the cylindrical design for TARs. 
Cylindrical total ankle replacements offer movement merely in the sagittal plane for 
dorsi/ plantarﬂexion. This cylindrical design has only one degree of freedom due to its 
fixed axis of rotation. The radius of the movement is defined by the fixed axis of 
rotation, which is the mean between the medial and the lateral radius of the talar dome. 
13 
 
Despite studies illustrating that the subtalar joint achieves a good quantity of inversion 
and eversion there still is a loss of movement that could lead to malalignment of the 
whole AJC. 
Current TARs incorporating this design consist of 3 components. Internal and external 
rotation are permitted due articulation between the tibia part and the bearing part.  The 
STAR® by STRYKER® and SALTO TALARIS® by INTEGRA LIFESCIENCES 
CORPORATION® (Figure 5) are the two preferred models of cylindrical design. 
 
 
 
 
Figure 5: Salto Talaris Total Ankle Prosthesis Brochure & STAR patient brochure 
 
 
 
2.7.2 INMAN DESIGN 
The idea behind the Inman relies on the assumption of a ﬁxed rotation axis, just like the 
cylindrical design. Morphological measurements on cadaver specimens were carried out 
by (Inman, 1976; Close and Inman, 1952) built on the assumption of fixed rotation axis 
of rotation.  
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The line joining the medial malleolar and lateral malleolar tips merge at the major 
rotation axis (Figure 6). 
 
 
 
 
Figure 6: Inman rotational axis representation 
 
 
 
Inman’s design with a fixed rotational axis incorporates the assumption that a cone with 
medial apex can replace the talar surface.  The notion of a truncated cone with the apex 
on the medial side is still believed in this ﬁeld despite refutation of the theory of a fixed 
axis rotation and contradiction of the ankle coupled behavior of pronation/supination. 
 
2.7.3 SSCL DESIGN 
An effort to develop a design not restricted by assuming a rotational axis that is fixed for 
the ankle led to research focusing on investigating the morphological shape of the talar 
dome. This further led to the design and development of the SSCL, which can be 
described as a Saddle shaped, skewed, truncated cone with apex on the Lateral 
side(SSCL). Numerous measurements of the talus were used to obtain the design of the 
SSCL. The method of least square error by fitting circles was used to measure the medial 
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and lateral facers of the talus dome. It was found that the diameter of the lateral face was 
than that of medial. The trochlea surface was studied using the same methodology of 
measurements. At surfaces exhibiting a greater concave curvature anteriorly and almost 
non curvature posteriorly, measurements were carried out (Siegler et al., 2014), 
(Figure7). Unlike the design of Inman (1976) and Close and Inman (1952) where the 
apex was located on the medial side, SSCL has a truncated cone with its apex located at 
the lateral. This truncated cone design is suited for pronation/supination. The SSCL has 
been seen to improve and support inversion and eversion better than other implants. This 
contradicts the false assumption of the subtalar joint being the only contributor to 
inversion and eversion (Siegler et al., 2014, 1988), which has been made by many 
researchers.  
 
 
 
 
Figure 7: Implant by Siegler et al(2014) which uses the artificial surface design 
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2.8 ANALYSING MOTION OF ARTICULAR SURFACE 
The knowledge of the correlating contact area and the surface motion at the ankle and 
subtalar articulating surfaces is the fundamental basis for understanding the mobility of 
an ankle joint. Earlier, the studies of the interaction between the articulating surfaces 
were largely performed by hand and with very limited use of software. Due to this, the 
data received for perusal was insufficient and restricted.  
 
2.9 HISTORY OF DISTANCE MAPPING 
(Lundberg et al., 1989) performed manual mapping of the motion of the talar trochlear 
surface against the trochlear surface of a stabilized tibia and fibula.  This study was 
fundamental for observing the change of direction of the oblique axis passing through the 
talus when its position form the neutral value was changed to either extremity. 
A reference point X was drilled on talus, which was then carried from dorsiflexion 
through to plantar flexion along a vertically traced reference line. The distance of each of 
the four positions of X was measured with respect to the reference line. Tracing these 
positions revealed a sequence of motion generated sur to the talar displacement at each 
point. The observation of the position of the posterior third of the talus, as it moves from 
dorsiflexion to plantar flexion was an additional aspect of the study. The sagittal roentgen 
stereo photogrammetric images of the hindfoot gave a visual cue to Lungberg et al. to 
estimate the amount of contact at the talus and the ankle mortise during dori/plantar 
flexion. 
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Figure 8: (left) The talar head in neutral, and then plantarflexion. “O” is the vertical line. 
Y & Z are tibial reference points, and (right) position of talus traced through dorsi/plantar 
flexion (Lundberg et al., 1989). 
 
 
 
Another study performed by Corazza et al. (2005) used the novel measurement technique 
to investigate surface-to-surface motion in the ankle. This was done by combining 
Roentgen Stereophotogrammetric Analysis (RSA), 3-D digitisation and surface 
mathematical modelling. A number of points were digitized on the articulating surfaces 
of the ankle. On the basis of numeric analysis, the distance between the surfaces was 
measured and the position and size of the contact area on the tibia and trochlea surface 
was calculated. However, Corvazza’s studies were limited to dorsiflexion/plantarflexion. 
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Figure 9: Corazza’s results on trochlea surface for Plantarflexion, Neutral, Dorsiflexion 
showing proximity maps 
 
 
 
 
Currently, based on the distance mapping approach, the study highlights surface-to-
surface motion of the natural ankle and subtalar joints. The results would give a better 
insight on development in TARs which recreate more anatomical surface geometries and 
hence reduce failure.  
 
2.10 THEORY OF DISTANCE MAPPING 
The 3-D compare tool in Geomagic Control™ is used for visualization of the 
differences in shape and surfaces. Color coded maps can be achieved by using this 
tool which depict the distance between the two models under consideration in a 3-
dimensional format. This map represents the graphical form of distance of the 
reference object from the test object using a gradient of colors. The theory of distance 
mapping can be better understood by looking at the terminologies in it. Each point on 
the surface is used to project normal on it. Angle between two normals give the 
critical angle between them. This defines the points as lying on independent faces. 
Now the independent points are chosen to project from the test object to the reference 
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object along it’s normal vector. 
 
  
 
 
 
 
 
Figure 10 - Functioning of distance maps used in Geomagic Control™ 
 
 
 
The next step is to check the shortest distance from the test point to the reference object. 
The maximum allowable size of this radius is the maximum deviation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11 – Computation of Maximum deviation by Geomagic Control™ used for 3D 
deviation analysis 
 
 
 
The final step is finding the critical angle. For this, a comparison is drawn between the 
normals of the closest point on reference and that of the test point (angular measurement). 
20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12 - Calculation of Critical angle in 3D deviation tool between the Reference and 
Test object in Geomagic Control™ 
 
 
 
The reference point is decided on the basis if the critical angle value - 
• If it is found to be within the user specified critical angle that value be the 
reference point.  
• If the value is greater than the specified critical angle then the search radius is 
increased until the value meets the user-defined Critical Angle or the specified 
maximum deviation is reached. 
Thus, on the basis of the reference point, the tool is able to compute the deviation of the 
test object.  The user has the freedom to revise and alter the angle and the range of values 
over which this deviation should occur, for optimum visual results. 
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2.11 MODELING OF ANKLE JOINT 
 
2.11.1 DESCRIPTION 
Models based on three dimensional dynamics on which a comprehensive human hindfoot 
mechanical model works use Newton-Euler equations of motion to solve the motions that 
respond to applied loads. There is a need for integrating 3D representation of bone 
geometry, mechanical properties of the ligaments and its insertion points for more 
accurate representation of the anatomy.   
 
2.11.2 ADVANTAGES 
Through parametric studies, the effects on the output of the model can be determined by 
the researcher by isolating one variable of the same.  Thus, as the information stated 
about on the joint biomechanics, to conduct parametric studies to discover the effects of 
ligament injuries and surgical treatments, the researchers can use the exactly confirmed 
and evaluated numerical hindfoot model. Another major advantage, which can be pointed 
out, is that a model which is evaluated adequately suitably saves time. A massive number 
of studies can be performed within a limited time ensuring minimal or no expense of the 
studies with patients and cadavers.   
 
2.11.3 NEED FOR EXTENSIVE EVALUATION 
Comparing simulation results with the independent experimental data becomes extremely 
important during the development of numerical models. It is important to perform 
sensitivity studies to understand how the results of the variation in the parameters of the 
model are affected. Thus, it implies that though there is experimental data used in the 
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evaluation, the model parameters are not based on those evaluations or derived. There are 
a handful of numerical foot or ankle joint complex studies that emphasize on the 
numerical modeling aspects. For instance, the researchers place a significantly less 
importance on the role of ligaments in controlling joint motion. Without a proper 
description of the effect of this methodology and model outcome, for the placement of 
ligament insertions and guide ligament orientation, anatomical atlases are used.  (Bandak 
et al, 2001; Beaugonin et al, 1995 & 1997; Camacho et al, 2002; Ledoux et al, 2000). 
According to a variety of studies conducted, it assigned the same material properties to 
all of the collateral ligaments (Beaugonin et al, 1995 & 1997). The reason behind 
assigning one material property to all the ligaments has not yet been established despite 
the varying stiffness of the collateral ligaments (Siegler et al, 1988). While attempting to 
stimulate only qualitative comparisons to the event are provided, the only two studies on 
which many models rely for model evaluation are: axial impulsive loading or axial 
compressive loading (Ledoux et al, 2000; Chen et al, 2001; Jacob et al, 1996 & 1999). 
Therefore, such models are limited to being used in only a range of applications. 
 
2.11.4 APPLICATIONS:  ARTHRODESIS AND ARTHROPLASTY ALIGNMENT 
This model can serve as a tool to predict as well as measure the effect of alignment and 
position of TAR or arthrodesis on the ligament and contact forces as well as contact 
pattern of the implants. This information helps the researcher to point out the position of 
the joint fusion that is required to reduce inappropriately loaded soft tissues like the 
adjacent cartilages and ligaments. Due to this knowledge, it helps the practitioners to 
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reduce the impact/effect of the development of arthritic changes at adjacent joints 
abnormal implant wear, as well as ligament laxity and pain (Manen et al, 1991). 
 
2.12 HINDFOOT MOTION CHARACTERISTICS 
To capture the 3-D motion of the joint, the structures of the model of the motion of the 
ankle and subtalar joint needs to have the potential as motion of the above structures 
occurs in all planes and is complicated. The orientation of the articulating surface 
geometry and material properties of the ligaments are a result of the motion patterns of 
the hindfoot (Stormont et al, 1985). Hence it is of an utmost importance to for the model 
to have a unique patient geometry and reproduce accurately the characteristics of patterns 
such as ligament strain patterns which are passive support structures. 3-D motion of the 
joints with kinematics and load-displacement properties has been explained by various 
investigators in vivo and vitro (Siegler et al, 2004; Chen, et al, 1989; Lundberg et al, 
1989; Hintermann et al, 1995). Hindfoot evaluating and numerical models are established 
based on these studies. 
Individually the ankle joint and subtalar joint provide the total motion across the whole of 
the ankle joint complex however neither act as an ideal hinge (Chen, 1989). In both the 
structures the motion comes in all directions namely: plantarflexion / dorsiflexion, 
inversion / eversion and internal rotation / external rotation (Chen, 1989; Lundberg et al, 
1989). 
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2.12.1 PLANTARFLEXION / DORSIFLEXION 
Across the ankle joint complex in plantarflexion / dorsiflexion with no axial load, 80% of 
the motion range is contributed by the ankle joint [53]. The participation of the subtalar 
joint in the motion occurs the loading and unloading of both the hindfoot is involved 
[Chen, 1989; Lundberg et al, 1989; Sammarco, 1973). Since there is a passive flexion 
motion in the hindfoot it indicates less amounts of out-of-the plane motion  
The foot pantarplexes as the calcaneus inverts (Chen, 1989; Lundberget al, 1989; 
Hintermann et al, 1995). Combined Dorsiflexion and internal rotation has been observed. 
(10° of dorsiflexion produces 2° of internal rotation) (Lundberg et al,1989; Hintermann et 
al, 1995). 
A considerable elongation is undergone in planter flexion of the anterior tibiotalar 
ligament and the ATFL (58-87%, 26-51% strain respectively). During dorsiflexion, the 
tibiotalar and talocalneal ligament undergo large elongations (24-46% strain and 11-22% 
strain respectively). A moderate elongation is experienced by the PFTL i.e. around 7-
17% strain during both plantarflexion and dorsiflexion (Luo et al, 1997). 
 
2.12.2 INVERSION / EVERSION 
The ankle joint’s contribution to inversion or eversion is lesser than the contribution of 
the subtalar joint i.e. 73.4% of total ankle joint complex motion (Chen, 1989). More so, 
the inversion/eversion motions are in conjunction with internal/external rotation motions 
(Chen, 1989; Lundeberg et al, 1989). The CFL (24%-49% strain) elongates due to 
inversion of the foot by applying typical of a clinical exam and moderate elongation is 
experienced by the PTTL during the same loading conditions of inversion and eversion 
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(Luo et al, 1997). 87% of the inversion torque is resisted by the lateral ligaments like 
ATFL, CFL, PTFL while 83% of the eversion torque (336-398 N-m for inversion and 
eversion) is resisted by the deltoid ligament with no axial load The inversion and eversion 
in the hindfoot is hindfoot is stabilized by the bone articulations with an axial load (667 
Newtons (N)) (Stormont et al, 1985). 
 
2.12.3 INTERNAL ROTATION / EXTERNAL ROTATION 
In the internal and the external rotation, there is an equal contribution of the ankle and the 
subtalar joint towards the total motion of the ankle joint complex (Rosenbaum et al, 
1998; Chen, 1989).  The incremental rotations are approached at twice that of the ankle 
joint at the extremes of internal rotation (> 20°) (Chen, 1989). With no axial load, 56% of 
the internal rotation torque is resisted by AFTL when the foot is 20• planterflexion. The 
deltoid ligament primarily resists internal rotation torque in foot neutral and 20° 
dorsiflexion. Under all axial loading conditions and flexion angles, essentially the CFL 
and PTL are responsible. The secondary supportive role is played by the deltoid ligament 
(Stormont et al, 1985). 
 
2.13 EXPERIMENTAL TESTING FOR STUDYING MOTION 
CHARACTERISTICS OF JOINT 
The ankle complex is bought into different positions by applying a cyclic torque along 
different planes with the help of AFT (Ankle Flexibility Tester), which is a 6 DOF test 
rig. (Siegler et al., 1996, 2005). 
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An optoelectronic stereo-photogrammetric motion data acquisition system (Stryker Knee 
Navigation System, STRYKER R, Kalamazoo, Michigan, United States; nominal 
accuracy: 0.5 mm and 0.5 degrees) along with a camera sensors gave real time 
coordinates of fiduciary markers. Each marker is a set of five light emitting diodes which 
help track position of fiduciary holes. Hence by using this system, the motion of tibia, 
talus and calcaneus can be traced in real time.  
The ankle joint is tested for combination of motion produced by application of cyclic 
torque with a cycle time of around 12 seconds. The range of motions have been described 
later. The resulting data from the fiduciary markers is processed using (MATLAB 
Release 2016a, THE MATHWORKS R, Inc., Natick, Massachusetts, United States).  
 
2.14 MSC ADAMS  
MSC ADAMS is widely popular software used for solving intricate kinematic and 
dynamic problems in day to day life. It is a solver extensively used in Vehicle Dynamics 
and Aerodynamics, where Multi body simulations are an integral part of the industry 
where dynamic models simulated have predicted accurate results instead of opting for 
destructive and other non-economic tests. MSC ADAMS provides quick and less 
expensive solutions unlike other analysis software such as FEA software, by running 
quick simulations. ADAMS uses numerical methods such as Newton-Raphson to 
simulate non-linear systems. Inputting the required constraints, Initial conditions and 
boundary conditions provides us with apt and accurate results. MSC ADAMS provides 
quick and less expensive solutions unlike other analysis software such as FEA software, 
by running quick simulations. ADAMS uses numerical methods such as Newton-
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Raphson to simulate non-linear systems. Inputting the required constraints, Initial 
conditions and boundary conditions provides us with apt and accurate results. The thesis 
aims towards the development of a numerical subject specific hind foot model. A lot of 
experiments in bio-mechanics are performed on cadaveric specimens. Such testing of 
cadaveric specimens provide very concurrent test results with tests carried out on live 
human beings, although the cost of testing is incredibly high, which can be accounted for 
the development of testing machines, obtaining accurate cadaveric samples that are a 
good enough approximation for the human ankle joint. This limitation motivates us to 
develop numerical models that would yield the same results as a cadaveric test specimen 
would yield. This can further be developed to be implemented on humans to study, non-
invasively, the biomechanics of designed prosthesis. 
 
2.15 NUMERICAL MODELS OF THE FOOT 
There are various categories in which the study for numerical models of the foot or ankle 
complex structures belongs under. They are as follows: Numerical models to study the 
foot or ankle complex structures fall into several categories: 3-D finite element models 
(Bandak et al, 2001; Beaugonin et al, 1995 & 1997; Camacho et al, 2002; Ledoux et al, 
2002; Chen et al, 2001; Jacob et al, 1996 & 1999) , 3-D rigid body dynamic models, 3-D 
static equilibrium models (Salathe et al, 1986 & 2002) and 2-D kinematic models 
(Leardini et al, 1999). Given the minimal experimental evaluation of model output, the 
maximum of these studies explain the methods: image acquisition, material property 
considerations, and computational considerations, which are used to build the models. 
Hence the anatomical variations (ligament orientation and bone morphology) were not 
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accounted for in these models. Models, which do consider anatomical variations, use 
finite element methods and are restricted to only axial loads. There can be no sufficient 
statistical power results to have any conclusions as not more than one model was 
presented by any study. 
 
2.15.1 3D RIGID BODY DYNAMIC MODELS 
There are 3 limitations which are similar to that of the finite element models, namely: 
simplified bone geometries, estimated ligament insertions and limited experimental 
evaluation. Current 3D rigid body dynamic models of the foot are hindered by these 
limitations above. Moreover, the model dynamics are dictated by the joint geometry and 
material properties (i.e. joint rotation axes) and thus these features need to be captured by 
the numerical models. By restricting the joint motion to rotation about a predefined axis 
(Bedewi et al, 1999; Scott et al, 1993), this requirement is neglected by various models. 
 
2.15.2 3D STATIC EQUILIBRIUM MODELS 
Existing 3D static equilibrium models are not held accountable for the motion of ankle 
and subtalar joint axes or the 3D descriptions of articulating surface geometries are 
discarded (Salathe et al, 2002 & 2002; Scott et al, 1993). There are possibilities of 
alterations in the moment arm values due to which the equilibrium equations are affected 
since the subtalar joint changes its orientation based on the orientation of the foot (Klein 
et al, 1996). The usefulness of the models can be limited due to an assumption of 
unavailable experimental evaluation. Important information can be provided by the 
studying the trend of contact and forces there, in order to comprehend their relation to the 
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cause of joint degeneration leading to osteoarthritis. The joint geometric traits are not 
considered for the 3D equilibrium models based on fixed axes of rotation and 
investigation of the joint mechanics aspect is not possible. They can be employed to the 
contribution of support structures like tendons and ligaments to joint equilibrium. 
 
2.15.3 2-D KINEMATIC MODELS 
The joint motion in the kinematic ankle joint models developed previously was dictated 
by rigid ligaments and joint surfaces (geometric constraints). Hence, they do not support 
the quantification of the forces between articulating surfaces or in the ligaments or the 
joint’s load-displacement properties. These models were developed by the researchers on 
the observations which stated that with a moving axis of rotation during passive flexion, 
ankle joint behaves as a single degree of freedom system. Planar calcaneus motion, 
ligament orientations and lengths, instantaneous axis of rotation and talar surface profile 
(Leardini et al, 1999) were predicted by the model. There are limited applications to the 
model as the 6 degree-of freedom out-of-plane, coupled motions occurring at the ankle 
joint and the subtalar joint are not accounted. These simulations stay primarily inadequate 
as they do not have subtalar joint and are planar. 
 
2.15.4 PATIENT-SPECIFIC HINDFOOT  
By using patient specific anatomy, Models models can be developed as the existing 
imaging technology allows the same. The output may often be sensitive according to the 
patient anatomy unique features like articulating surface curvature and ligament 
orientation and length and hence the patient-specific kinematic and mechanical features 
30 
 
maybe captured by the model. The researchers developed not more than one numerical 
model of the hindfoot depending on a patient specific basis. The methods for evaluating 
and developing patient-specific numerical models of the hindfoot were contributed by the 
non-invasive stress MR imaging techniques. Many advantages in order to understand 
joint mechanics regarding the previously explained experimental studies are provided by 
this MR technique. 3-D internal bone kinematics can be assessed as it in non evasive.  
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3 METHODOLOGY: 
 
3.1 DEVELOPMENT OF SUBJECT SPECIFIC MODELS:  
The models were developed using MRI and CT scan data for 5 cadaveric ankles. The 
specimens are Gamba 17, Gamba 18, Gamba 23, Gamba 29 and Gamba 33. The 
development of 3D cad models can be primarily divided into two phases:   
a.) Conversion of 2D image slices to 3D models using contour identification tools 
in an image processing software Analyze 12.0™ by Analyze Direct™. 
Analyze ™ stacks the contours, which represent each bone boundary, as slices 
of 0.1mm thickness to finally obtain a solid model of Tibia, Fibula, Talus and 
Calcaneus. 
b.) Post processing of crude 3D models from Analyze™ was done in Geomagic 
Studio11™ to obtain more precise, smooth error free CAD models.  
Geomagic Studio11™ is a reverse engineering software with tools which was 
used for noise reduction and surface enhancement. This helped in 
smoothening step based structure of the bones due to 2D image stacking in 
Analyze™, Noise reduction, spike removal and filling holes in the bone to get 
rid of non-anatomical surface irregularities and to make it suitable to be 
exported and used in ADAMS™.  
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Figure 13: Unsmoothed Talus in Geomagic     Figure 14. Smoothed Talus in 
Geomagic 
 
 
 
3.2 CARTILAGE COMPENSATION 
Apart from conditioning of the bones, Geomagic studio was used to compensate for 
cartilage thickness. Using the distance mapping tool, distance between Talus and 
surrounding bones, i.e. Tibia, Fibula and Calcaneus were measured and offset to 
account for the cartilage thickness of both the bones in contact. This also ensures that 
the simulation doesn’t collapse due to the presence of a void in between the bones. 
Finally, the bones were re-meshed by using the decimate feature so as to reduce the 
number of triangles of the CAD model and at the same time making sure that the 
shape of the bones is not altered. This helped reduce the computation time required to 
run the dynamic simulation in ADAMS™. These bones are then saved as .stl files 
which are to be imported into ADAMS™ In Geomagic Control™ the ligament 
attachment points are marked and tabulated in a specific order. These attachment 
points are determined from literature and pre-existing samples.  
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Figure 15. Distance mapping performed to compensate for the presence of cartilage 
 
 
 
3.3 LIGAMENT ATTACHMENT POINTS 
After the development of smooth bones, aligning them in proper position and 
compensating for the presence of cartilage, the next procedure is to provide the apt 
ligament forces at precise locations on the bone surfaces. 
 
 
 
 
Figure 16. Pictorial depictions of Ligaments on the Ankle Joint Complex 
(Hoagland et al) 
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A thorough review on ligament properties have been performed, and it is 
determined that ligaments can be modelled as tension springs based on the analysis 
performed at Drexel University, by Imhauser et al (2008). The magnitude of the 
forces in the ligaments is variable with respect to their total length, and this 
variation is modelled in a computer program. This computer program provides the 
ligament as a force field, and mimics the action of the ligaments on the ankle joint 
complex. The ligaments are attached to the bones, by visual inspection of the 
positioning of ligaments. This step is done in Geomagic and the data extracted 
from here is used in ADAMSTM. The ligament attachment points are found by 
cross-referencing literature, existing anatomical models and segmented MRI data. 
For ligaments with larger cross sectional area, they were modeled as multiple non-
linear springs attached over an area. For example, the interosseous talocalcaneal 
ligament (ITCL) is modeled as 10 non linear springs attached over the span of area 
between the talus and the calcaneus. A total of 54 ligament attachment points were 
obtained for the model. 
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Figure 17. Ligament node positioning on the Talo-calcaneal interface 
 
 
 
3.4 SETTING UP ADAMS 
The CAD files are imported into ADAMS™ in their corresponding locations 
obtained from MRI. The dynamic model is then set up by importing ligament 
insertion points into the points tab under table editor. This sets up ligament forces 
between the evaluated coordinate points. The surface contact properties and ligament 
forces for each model are used from previously obtained mathematical non-linear 
expression derived by research done by Dr. Carl Imhauser to study ligament load 
strain properties. The solver selected for the simulation is the dynamic solver with 
GSTIFF integrator. 
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Figure 18: Bones of Ankle joint oriented in the workspace of ADAMS 
 
 
 
3.5 RUNNING THE SIMULATION 
The next point in ADAMS simulation is carried out to obtain the bone configuration 
in a neutral position. Following this, the bone is simulated in different orientations to 
check for the Dorsi-Plantar, Inversion-Eversion and Internal-External degree of 
freedoms, by subjecting the entire assembly to a cyclic sinusoidal loading, with 
amplitude of 3500 N-mm. The moments setup to replicate the experiment is: 𝟑. 𝟒 ∗
𝒔𝒊𝒏
𝟐∗𝝅∗𝑻𝒊𝒎𝒆
𝟔
  N.m  with total simulation time of 12 seconds. This ensures completion 
of two sinusoidal cycles of torque application.  
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Figure 19: A detailed section of the ankle cartilage section. 
 
 
The simulation is run for the respective moment combination: 
a) Neutral: All moments deactivated (to let the model reach equilibrium position) 
b) Dorsiflexion-Plantarflexion: 
c) Inversion-Eversion: 
d) Internal-External rotation: 
e) Inversion-Eversion in Dorsiflexion: 
f) Internal-External rotation in Dorsiflexion: 
g) Inversion-Eversion in Plantarflexion: 
h) Internal-External rotation in Plantarflexion: 
After running the simulations, the bones are saved and exported as IGES files at 
specific positions of Dorsiflexion, Plantarflexion, Inversion, Eversion, Internal 
rotation, External rotation and motions coupled with dorsiflexion and plantar 
flexion individually. The joint kinematics of all the models are plotted for α, β and 
γ (the angles for measurement: α for dorsi-plantar, β for inversion eversion and γ 
for internal external rotation) against their respective cyclic moments. 
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3.6 TRANSFORMATION OF SUBCHINDRAL BONE 
The bones in the simulated maximum positions are used to generate transformation 
matrices which are further used to transform the original bones without cartilages into the 
respective maximum positions. This is done bring the subchondral bone into the 
respective positions hence replicating the experimental studies.   
The new transformed bones into the maximum position obtained from ADAMS™ are 
then used to generate distance maps between the Ankle joint and the subtalar joint by 
using the 3D deviation tool in Geomagic Control™. 
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4. RESULTS 
 
The results of this paper have been divided into two sections, kinematics and distance 
mapping of the ankle joint and the sub-tailor joint. Kinematics have been studied between 
alpha, beta, and gamma pertaining to motions in planes along dorsi-plantar, inversion-
eversion and internal-external rotation respectively. The measurement of each angle has 
been done between the sub-joints and the entire ankle join complex. 
 
Seven types of motions have been studied to formulate the results and these results will 
be compared to results from experimental data. The seven parts that have been studied 
are; Dorsiflexion/Plantarflexion, Inversion/Eversion, Internal/External rotation starting in 
neutral and Inversion/Eversion, Internal/External rotation starting in Dorsiflexion and 
Plantarflexion respectively. In Figure 20, the first two letters denote motion type, the 
third letter denotes the type of joint (natural or with implant), and the last letter denotes 
the starting position of the specimen. For example, DPNN stands for Dorsi/Plantar 
flexion, Natural, Neutral and INTND stands for Internal/External rotation, Natural, 
Dorsiflexion. 
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Figure 20: Classification and subdivision of motion based on starting position 
 
 
 
4.1 KINEMATICS 
Kinematic data is evaluated by plotting the alpha, beta and gamma angles against torque 
values. The simulation was used to generate plots to show the change in the angles 
against torque values for Dorsiflexion -Plantarflexion (Figure 21), Inversion-
Eversion(Figure 22) and Internal rotation -External rotation(Figure 23). The maximum 
values of each have been compared against the values obtained experimentally.   
Neutral 
Position
INVNN DPNN
INVND INVNP INTND INTNP
INTNN
41 
 
Figure 21: Plot of Alpha on application of torque for Dorsiflexion-Plantarflexion 
obtained from simulation. 
 
 
 
Figure 22: Plot of Beta on application of torque for Inversion-Eversion obtained from 
simulation. 
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Figure 23: Plot of Gamma on application of torque for Internal-External rotation obtained 
from simulation. 
  
 
 
In terms of angles, the range of motion has been compared in table 2 . Based on the 
values of the table, it can be observed that the minimum error is 5.7% in plantar-flexion, 
the average error is 18.9% which accounts for motion in all directions between ankle 
joint and the sub-joints. The maximum error has been observed in the sub-tailor joint 
during external rotation where the calcaneus overshoots by 7.8 degrees, which is 43.33% 
of the motion.  
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 AJC AJ STJ 
 Exp Sim Exp Sim Exp Sim 
Dorsiflexion (α) 33 27 15 16   
Plantar-flexion (α) -23 -20 -17.5 -16.5   
Inversion (β) 16.29 10     
Eversion (β) -15.07 -20     
Internal-rotation (γ) 20.83 22   15.65 19 
External-rotation (γ) -22.03 -20   -10.20 -18 
Table 2: Comparison of kinematic data (α, β, γ) obtained  from Experiment vs simulation 
 
 
 
4.2 DISTANCE MAPPING: 
The following distance maps are presented in two parts, i.e comparison of surface to 
surface motion characteristics of the ankle joint and the subtalar joint. The seven different 
kinds of motions described by Figure 20 have been shown for each joint. 
 
4.2.1 ANKLE JOINT 
The results of the ankle joint have been represented in four parts, the distance between 
the tibial and trochlea surface shown on the trochlea and the tibia respectively. The 
distance map on talar surface has been also been shown on medial and lateral side.  
 
4.2.1.1 DORSIFLEXION/ PLANTARFLEXION 
The surface to surface interaction and relative motion between the tibia, talus and 
calcaneus during dorsiflexion/plantarflexion can be seen in the sectional view (Figure 24) 
as well as the colored distance maps (Figure 25).   
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Figure 24: Comparison of sagittal cross section of the ankle joint complex for maximum 
dorsiflexion, neutral and maximum plantarflexion  
 
 
 
The sagittal sectional view (Figure 24) shows similarity in the kinematics of talus and 
calcaneus with respect to tibia for both experiment and simulation. The identical trend in 
the anterior and posterior shift of the talus in plantar and dorsiflexion is evident.  
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Figure 25: Comparison of distance map of Gamba17 showing similarity in the posterior 
and anterior shift between the talus and tibia from maximum plantarflexion to 
dorsiflexion.  
 
 
 
The colored maps (Figure 25) show homogenous shift of proximity of the talus to the 
tibia in the anterior and posterior side and is coherent with the shift seen in experimental 
results. The trend is followed in both the lateral and medial side of the talus showing 
similarity in the posterior and anterior shift between the talus and tibia. 
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4.2.1.2 INVERSION/ EVERSION 
4.2.1.2.1INVERSION/ EVERSION STARTING IN NEUTRAL 
The surface to surface interaction and relative motion between the tibia, talus and 
calcaneus during inversion/eversion can be seen in the sectional view (Figure 26) as well 
as the colored distance maps (Figure 27).   
 
 
 
 
Figure 26: Comparison of coronal cross section of the ankle joint complex for maximum 
inversion, neutral and maximum eversion 
 
 
 
The coronal sectional view (Figure 26) shows similarity in the kinematics of talus and 
calcaneus with respect to tibia for both experiment and simulation. The identical trend in 
the anterior and posterior shift of the talus in plantar and dorsiflexion is evident.  
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Figure 27: Comparison of distance map of Gamba17 showing the medial and lateral shift 
between the talus and tibia from maximum inversion and eversion. 
 
 
 
The colored maps (Figure 27) show similarity in the shift of the talus in the ankle joint 
during inversion and eversion. The reduced distance of talus towards tibia in the medial 
side during inversion and shift towards fibula in the lateral side during eversion is 
coherent with the shift seen in experimental results.  
 
 
 
 
 
 
48 
 
4.2.1.2.2 INVERSION/ EVERSION STARTING IN DORSIFLEXION 
 
 
 
 
Figure 28: Comparison of distance map of Gamba17 showing the medial and lateral shift 
between the talus and tibia from maximum inversion and eversion starting in 
dorsiflexion. 
 
 
 
The colored maps (Figure28) shows the medial and lateral shift between the talus and 
tibia for maximum inversion and eversion when it starts at dorsiflexion. The comparison 
from simulation shows a slight difference from the shift of the talus in the medial and 
lateral side. The shift of talus towards the lateral side is more prominent in the experiment 
while the simulation shows a very minor shift. 
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4.2.1.2.3 INVERSION/ EVERSION STARTING IN PLANTARFLEXION 
 
 
 
 
Figure 29: Comparison of distance map of Gamba17 showing the medial and lateral shift 
between the talus and tibia from maximum inversion and eversion starting in 
plantarflexion. 
 
 
  
The colored maps (Figure29) shows the medial and lateral shift between the talus and 
tibia for maximum inversion and eversion when it starts at plantarflexion. The 
comparison from simulation shows shift of the talus in the medial and lateral side and is 
consistent with the change in experimental results. 
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4.2.1.3 INTERNAL/ EXTERNAL ROTATION 
4.2.1.3.1 INTERNAL/ EXTERNAL ROTATION STARTING IN NEUTRAL 
The surface to surface interaction and relative motion between the tibia, talus and 
calcaneus during internal/external rotation can be seen in the sectional view (Figure30) as 
well as the colored distance maps (Figure31).   
 
 
 
 
Figure 30: Comparison of transverse cross section of the ankle joint complex for 
maximum inversion, neutral and maximum eversion 
 
 
 
The transverse sectional view (Figure 30) shows similarity in the kinematics of talus and 
calcaneus with respect to tibia for both experiment and simulation. The identical trend in 
the anterior and posterior shift of the talus in plantar and dorsiflexion is evident.  
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Figure 31: Comparison of distance map of Gamba17 for maximum internal rotation and 
external rotation.  
 
 
 
The colored maps (Figure 31) shows the medial and lateral shift between the talus and 
tibia for maximum internal and external rotation when it starts at neutral. The comparison 
from simulation shows shift of the talus in the medial and lateral side. The simulation 
shows increase in proximity of the talus to fibula when shifting from internal rotation to 
external rotation, which is coherent to the motion of experimental setup. 
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4.2.1.3.2 INTERNAL/ EXTERNAL ROTATION STARTING IN DORSIFLEXION 
 
 
 
 
Figure 32: Comparison of distance map of Gamba17 for maximum internal rotation and 
external rotation staring in dorsiflexion. 
 
 
 
The colored map (Figure 32) shows the medial and lateral shift between the talus and 
tibia similar to the shift in proximity of the talus to the tibia in the anterior side and is 
coherent with the shift seen in experimental results. The trend is followed in both the 
lateral and medial side of the talus too. 
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4.2.1.3.3 INTERNAL/ EXTERNAL ROTATION STARTING IN 
PLANTARFLEXION 
 
 
 
 
Figure 33: Comparison of distance map of Gamba17 for maximum internal rotation and 
external rotation starting in Plantarflexion. 
 
 
The colored maps (Figure 33) show the medial and lateral shift between the talus and 
tibia in experimental results. The increase in proximity on the anterior side in both case is 
noticeable. 
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4.2.2 SUBTALAR JOINT 
The primary observation made in the distance maps of the subtalar joint is the similarity 
in the shift between the middle and posterior articulating surface during the different set 
of motions.  
 
4.2.2.1 DORSIFLEXION/ PLANTARFLEXION 
Interaction of the surfaces of the subtalar joint i.e talus and calcaneus, during 
dorsiflexion/plantarflexion, can be seen from the distance map (Figure 34) 
 
 
 
 
Figure 34: Subtalar distance maps of GAMBA17 for dorsiflexion and plantarflexion. 
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The similarity in the motion between articulating surfaces of the subtalar joint (Figure 35) 
can be seen by the similarity in decrease in the distance between the talus and calcaneus 
on the posterior side.  
 
 
 
4.2.2.2 INVERSION/ EVERSION 
 
4.2.2.2.1 INVERSION/ EVERSION STARTING IN NEUTRAL 
Interaction of the surfaces of the subtalar joint i.e. talus and calcaneus, during 
inversion/eversion, can be seen from the distance map (Figure 35) 
 
 
 
Figure 35: Subtalar distance maps of GAMBA17 for inversion and eversion. 
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4.2.2.2.2 INVERSION/ EVERSION STARTING IN DORSIFLEXION 
Interaction of the surfaces of the subtalar joint i.e talus and calcaneus, during 
inversion/eversion starting in dorsiflexion, can be seen from the distance map (Figure 
36).  
 
 
Figure 36: Subtalar distance maps of GAMBA17 for inversion and eversion when 
starting at dorsiflexion. 
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4.2.2.2.3 INVERSION/ EVERSION STARTING IN PLANTARFLEXION 
Interaction of the surfaces of the subtalar joint i.e talus and calcaneus, during 
inversion/eversion starting in plantarflexion, can be seen in the distance maps (Figure 37) 
 
 
Figure 37: Subtalar distance maps of GAMBA17 for inversion and eversion when 
starting at plantarflexion 
 
 
 
The similarity in the motion between articulating surfaces of the subtalar joint (Figure 37) 
can be seen by the similarity in decrease in the distance between the talus and calcaneus 
on the anterior side.  
 
 
 
58 
 
4.2.2.3 Internal/ External Rotation 
4.2.2.3.1 Internal/ External Rotation Starting in Neutral 
Interaction of the surfaces of the subtalar joint i.e talus and calcaneus, during 
internal/external rotation, can be seen from the distance map (Figure 38) 
 
 
Figure 38: Subtalar distance maps of GAMBA17 for internal rotation and external 
rotation. 
 
 
The similarity in the motion between articulating surfaces of the subtalar joint (Figure 38) 
can be seen by the similarity in decrease in the distance between the talus and calcaneus 
on the posterior side.  
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4.2.2.3.2 Internal/ External Rotation Starting in Dorsiflexion 
Interaction of the surfaces of the subtalar joint i.e talus and calcaneus, during 
internal/external rotation starting in dorsiflexion, can be seen from the distance map 
(Figure 39) 
 
 
Figure 39: Subtalar distance maps of GAMBA17 for internal rotation and external 
rotation starting at dorsiflexion. 
 
 
 
The similarity in the motion between articulating surfaces of the subtalar joint (Figure 39) 
can be seen by the similarity in decrease in the distance between the talus and calcaneus 
on the posterior side.  
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4.2.2.3.3 INTERNAL/ EXTERNAL ROTATION STARTING IN 
PLANTARFLEXION 
Interaction of the surfaces of the subtalar joint i.e talus and calcaneus, during 
internal/external rotation starting in plantarflexion, can be seen from the distance map 
(Figure 40) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40: Subtalar distance maps of for internal rotation and external rotation starting in 
plantarflexion. 
 
 
 
The similarity in the motion between articulating surfaces of the subtalar joint (Figure 40) 
can be seen by the similarity in decrease in the distance between the talus and calcaneus 
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on the posterior side for plantar flexion and internal rotation during plantar flexion. The 
simulation tends to deviate from the experimental data for external rotation.
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5. CONCLUSION: 
The 3D dynamic model presents an excellent opportunity to study the kinematics of an 
ankle joint for any subject without the need for surgical intervention. The surface to 
surface interaction of the articulating surfaces follow similar trends to that of 
experimental results and hence vouch for the reliability of the model. The distance map 
for of dorsi/plantarflexion portray the anterior to posterior shift of the talar surface like 
that obtained in experiment. These trends follow for internal-external as well as inversion 
eversion.  
 
The difference in color range of the distance map can be associated to the deviation due 
to offset created for the cartilaginous surface along with the tendency of penetration of 
the rigid bodies into each other during the simulation. This can be resolved in the future 
by incorporating cartilage as a separate body.  
The range of kinematic angles measured during different motions has been seen to fall 
within an error range of 18 percent. This can be seen as a direct result of the pre-tension 
in ligament and can be reduced by reducing the pre-tension when the cartilage is modeled 
as separate bodies. 
 
The 3D dynamic model is a very powerful tool to study the ankle joint and can be 
extended to be used for a large number of applications some of which have been 
discussed in future scope.   
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6. FUTURE SCOPE: 
The analyses and the results generated in the thesis provide a detailed preview of the 
motion of the entire ankle joint complex. The results developed from the distance 
mapping analysis gives a clear picture of the surface to surface motion characteristics of 
the ankle joint and the subtalar joint. The dynamic simulations performed in the ADAMS 
software provided an excellent video-graphic idea of the motion of the bones for seven 
different kinds of motion. The thesis results generated, have been compared with the 
results generated from experimental results visually and are found to show concurrent 
results with acceptable deviation. But for a more precise numeric interpretation and 
comparison between the experimental and simulation based distance maps, the change in 
distance can be accounted in terms of percentage change from neutral position. This can 
be calculated by following the procedure of dividing the talus into multiple sections and 
measuring the average deviation in those specific parts. This would result in a better 
understanding of the nature of shift in the ankle joint complex. 
 
Although the dynamic model represents the motion of the ankle joint complex quite 
accurately, certain deviations are obtained due to a few assumptions and simplifications 
associated with the development of the model. The major part towards the extension of 
this thesis would work towards the elimination of these approximations and develop a 
model that would mimic the actual bone complex.  
 
The future scope of this thesis involves the development of the cartilages as a separate 
component of the system, from a suitable MRI scan data. This model would then be 
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imparted into the model, instead of carrying out the distance map technique and offsetting 
the bone surface. This process would help us in not only getting the exact morphology of 
the joint but also to impart material properties to the cartilage layer, instead of 
approximating the cartilage by varying the bone to bone contact properties. 
 
The rigid body model developed in ADAMS would serve as a very helpful component 
for the development and modelling of the system in a Finite Element Environment. The 
finite element model developed would serve as an efficient tool to study the stresses 
developed in the cartilages at each possible instance of motion. 
 
This is particularly important, as there are virtually no other means to assess the stress 
development in cartilages for different kinds of motions. This model if developed would 
help us get a good idea and knowledge about the shear forces generated at the bone 
cartilage interface, which causes wear and tear of the soft cartilage layer. This is helpful 
in studying and analyzing the initialization of conditions such as arthritis. 
 
The existing model in ADAMS can be modified, i.e. the ankle joint complex can now be 
imparted with different kinds of implants available in the medical industry. The motion 
and stresses generated in the ankle joint complex with different types of implants can be 
analyzed in ADAMS with a similar framework. This will also open an opportunity to 
study the advantages of TAR against arthrodesis. The degree of freedom obtained for 
each implant can be extracted for varying kinds of motion. This would help us yield a 
comparative assessment of the different kinds of implants and select the best possible 
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implant. This analyses if carried out would also fuel the development of modification of 
implant design that would generate lesser stresses and improved agility.   
 
Another interesting extension of this thesis, would involve the motion analysis of the 
entire ankle joint complex for differing cases of ligament injuries and tear. The existing 
ADAMS model can be used for this study. For example, the ligament in ADAMS 
corresponding to the damaged ligament can be turned off and the joint analyzed for 
change in motion and difference in forces generated in the other ligaments.  
 
This model would also serve as a very useful component in the assessment of surgical 
procedures, such as ligament reconstruction procedures. The model can be used to detect 
the differences in the freedom of motion, when a ligament is stitched at a different 
position in the bone. A prior simulation can be performed in ADAMS, before performing 
the surgical operation. Such an extra level of analysis might be of huge economic benefit, 
as the need for repeated operations is eliminated. 
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